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Estimation of linkage disequilibrium in a sample of the United Kingdom dairy
cattle population using unphased genotypes'

A. Tenesa*?, S. A. Knott*, D. Wardf, D. Smitht, J. L. Williamst, and P. M. Visscher*

* Institute of Cell, Animal and Population Biology, University of Edinburgh, EH9 3JT, Scotland, U.K. and
1tRoslin Institute, Midlothian EH25 9PS, Scotland, U.K.

ABSTRACT: The association between genetic
marker alleles was estimated for two regions of the
bovine genome from a random sample of 50 young dairy
bulls born in the United Kingdom between 1988 and
1995. Microsatellite marker genotypes were obtained
for six markers on chromosome 2 and seven markers
on chromosome 6, spanning 38 and 20 cM, respectively.
Two different methods, which do not require family
information, were used to estimate population haplo-
type frequencies. Haplotype frequencies were esti-
mated for pairs of loci using the expectation-maximiza-
tion algorithm and for all linked loci using a Bayesian

approach via a Markov chain-Monte Carlo algorithm.
Significant (P = 0.0007) linkage disequilibrium was de-
tected between pairs of loci in syntenic groups (that is,
loci in the same linkage group), extending to about 10
cM. No significant linkage disequilibrium was detected
between markers in nonsyntenic regions. Given the ob-
served level of linkage disequilibrium, mapping meth-
ods based on population-wide association might provide
a better resolution than traditional quantitative trait
loci mapping methods in the U.K. dairy cattle popula-
tion and may reduce the required sample sizes of the ex-
periments.
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Introduction

Linkage disequilibrium (LD) mapping methods use
LD at the population level to map trait loci. These meth-
ods have higher power (Risch and Merikangas, 1996)
and higher resolution than traditional linkage methods
because they use information based on a larger number
of meioses. The power of LD mapping methods depends
on population parameters such as allele frequencies at
the marker and trait loci and level of LD. The achievable
resolution depends on the extent of disequilibrium be-
tween marker and trait loci.

Although the extent and patterns of LD have been
extensively studied in human populations, (Daly et al.,
2001; Jeffreys et al., 2001) farm animal populations
have been rarely studied.

Farnir et al. (2000) and McRae et al. (2002) studied
the extent of LD in the Dutch black-and-white dairy
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cattle population and in two sheep populations, respec-
tively. Both these studies used family information to
infer the most likely phase of the dams. However, family
information is not always available and, if available,
collecting the additional family members required may
be an inefficient use of resources.

In this study, we estimate the extent of LD in the
U.K. dairy cattle population. This will determine the
feasibility of LD mapping methods in this population
and the marker density required for LD mapping to be
effective. We illustrate the use of statistical methods
that do not require family information to infer popula-
tion haplotype frequencies as an alternative to family-
based haplotyping methods. These methods to estimate
haplotype frequencies are relatively efficient compared
to those that require family information (Hill, 1974;
McKeigue, 2001). We applied these methods in a small
data set and assessed the extent of LD in two regions
of the genome of 50 randomly selected dairy cattle bulls
that were being progeny tested. They were assumed to
produce a representative sample of the future extent
of LD in the U.K. dairy cattle population.

Materials and Methods

Data

Data comprised genotypes from 50 Holstein bulls that
were being progeny tested. The bulls were born between
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Table 1. Genetic map, number of alleles at the marker locus, percentage of missing
values, observed heterozygosity at the marker loci, expected heterozygosity under
Hardy-Weinberg equilibrium (HWE) and significance level (P) of the test for
departures from HWE for chromosome 2

Marker TGLA226 BMS829 BMS2519 BM2113 IDVGA37 IDVGA2
Genetic map, cM 80 91.5 101.5 106.2 108.2 117.8
Number of alleles 5 5 5 6 3 5
Missing values, % 28 28 34 26 18 32
Observed heterozygosity 0.61 0.33 0.58 0.81 0.39 0.59
Expected heterozygosity 0.79 0.40 0.70 0.76 0.39 0.72
Departures from HWE, P <0.001 0.08 <0.001 0.57 0.75 0.45

1988 and 1995. Bulls were genotyped at six marker loci
on chromosome 2 and at seven marker loci on chromo-
some 6. Genotyping was carried out as described by
Wiener et al. (2000), and marker identities are given
in Tables 1 and 2. Each bull pedigree was known up to
three generations. Grandparents were assumed unre-
lated. Relationships between bulls are shown in Tables
3 and 4. Genetic distances (Kosambi map function) be-
tween markers were obtained from the map MARC97
(Kappes et al., 1997).

Haplotype Frequency Estimation and
Hardy-Weinberg Equilibrium Proportions

Maximum likelihood estimates of all 78 (13 x [13 —
1]/2) two-marker loci haplotype frequencies were esti-
mated by employing the expectation-maximization
(EM) algorithm (Excoffier and Slatkin, 1995) as imple-
mented in Gold (Abecasis and Cookson, 2000). Relation-
ships between bulls were ignored when estimating hap-
lotype frequencies. We tried to obtain maximum likeli-
hood estimates of six-loci and seven-loci haplotype
frequencies for chromosomes 2 and 6, respectively, us-
ing Arlequin (Genetics and Biometry Lab, University
of Geneva, Switzerland). The algorithm failed to reach
a global maximum likelihood estimate of the haplotype
frequencies; therefore, estimates were not used in this
study. We did not try to estimate fewer than six- and
seven-loci haplotype frequencies other than two-loci
haplotype frequencies.

Bayesian estimates of six- and seven-loci haplotype
frequencies for chromosome 2 and 6, respectively, were

obtained using PHASE (Stephens et al., 2001). No at-
tempt to estimate LD among nonsyntenic loci (loci in
a different linkage group) using the Bayesian approach
was made. Haplotypes were reconstructed 10 indepen-
dent times to ensure that the results obtained were
robust even if the algorithm was not converging, as
suggested by Stephens et al. (2001). We ran the algo-
rithm for 107 iterations after a burn-in period of 10* and
kept estimates from every 100th iteration. The program
PHASE assumes, by default, a stepwise mutation
model; however, this assumption was relaxed by using
a parent-independent mutation model in which each
microsatellite allele has the same chance to mutate to
any of the other alleles. Although a stepwise mutation
model is more appropriate for microsatellite markers
if the length of each microsatellite allele is known, we
did not know the actual length of the microsatellite
alleles in these data; therefore, this model could not
be assumed.

Departures from Hardy-Weinberg equilibrium
(HWE) proportions were tested using an exact test as
described by Guo and Thompson (1992). This algorithm
is implemented in Arlequin (Genetics and Biometry
Lab, University of Geneva). The Hardy-Weinberg Equi-
librium is an assumption of the EM algorithm, and
departures from HWE might lead to biased estimates
of haplotype frequencies (Excoffier and Slatkin, 1995).
In addition, departures from HWE can be an indication
of population stratification, selection of the locus or
linked locus, different fertility of parents or different
allele frequencies in male and female parents, finite
population size, and so on.

Table 2. Genetic map, number of alleles at the marker locus, percentage of missing
values, observed heterozygosity at the marker loci, expected heterozygosity under
Hardy-Weinberg equilibrium (HWE) and significance level (P) of the test for

departures from HWE for chromosome 6

Marker RM28  BMA415 CSN3 BM1236 BMS511  AFR227 BMS8124
Genetic map, cM 74.3 76.3 82.6 83.9 89.8 90.4 94.2 cM
Number of alleles 4 7 3 4 5 6 2
Missing values, % 18 4 8 14 10 6 0
Observed heterozygosity 0.66 0.67 0.35 0.60 0.78 0.34 0.16
Expected heterozygosity 0.67 0.79 0.40 0.57 0.74 0.74 0.17
Departures from HWE, P 0.61 <0.001 0.26 0.31 0.81 <0.001 0.99
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Table 3. Number (N) of maternal-grand-sire
and half-sib groups in the sample

N of maternal-grand-sire N of paternal half-sib

n groups with n bulls groups with n bulls
1 18 23
2 5 6
3 3 3
6 1 1
7 1 0
Total 28 33

Level of Linkage Disequilibrium

Hedrick’s normalized measure of disequilibrium
(Hedrick, 1987) was obtained from the estimates of the
two-loci haplotype frequencies. Hedrick’s normalized
measure of disequilibrium is the extension to multial-
lelic loci of the normalized measure of disequilibrium
defined by Lewontin (1964). It is defined as follows:

Eo1
D = 2 2 mMpyQn |D,mn| (1]

m=1 n=1

where k£ and [ are the number of alleles at locus M and
@, respectively, m,, and q, are the population allele
frequencies of allele m at locus M and allele n at locus @,
respectively. | D’,,, | is the absolute value of Lewontin’s
normalized measure:

Dmn _ (hmn - men) [2]

Dp~  DEe

4
Dmn=

where h,,, is the estimated population frequency of the
haplotype M,,Q,,, and D™, is the maximum amount
of disequilibrium possible between allele m at locus M
and allele n at locus @ that equals:

min{mmqn,(l - mm)(l - qn)}, Dmn <0
mln{mm(l - qn),(]- - mm)Qn}, Dmn >0

DR =

} (3]

Table 4. Additive genetic relationships among bulls
calculated using the three-generation pedigree

Additive genetic Number of relationships with

relationships additive genetic relationships
0.00000 837
0.01563 15
0.03130 70
0.06250 135
0.07813 2
0.09380 6
0.12500 105
0.15630 8
0.18750 7
0.25000 31
0.31250 3
0.50000 6

To test the statistical significance of the allelic associ-
ation, we compared the statistic S = 2{n(L;p/L;g) to a
x2 distribution with (& — 1) x (I — 1) degrees of freedom
(Slatkin and Excoffier, 1996). Assuming random mat-
ing, Ly p is the likelihood computed using the haplotype
frequencies found by the EM algorithm, and L;z is the
likelihood under the assumption of linkage equilibrium.
We assumed that the available sample size was large
enough for asymptotic assumptions to hold.

We performed a large number of tests (n = 78); there-
fore, we applied a Bonferroni correction to obtain an
appropriate significance level for association between
each pair of marker loci. The individual test significance
level after correction to give a total significance level
(7) of 0.05 was P =1 — (1 — 1) = 0.0007, where n was
the total number of tests performed. Because some tests
are likely to be correlated, our stringent threshold is
expected to be conservative with respect to the type-I
error rate.

Results

Departures from Hardy-Weinberg Equilibrium

Thirteen microsatellite markers spanning bovine
chromosomes 2 and 6 were genotyped on 50 dairy bulls.
Genetic positions of the markers, number of alleles at
each locus, percentage of missing values, observed het-
erozygosities, expected heterozygosities under HWE for
the observed population allele frequencies, and signifi-
cance level of the test for departures from HWE propor-
tions are shown in Tables 1 and 2. The 13 markers
had an average observed heterozygosity of 0.53 and an
average expected heterozygosity of 0.60. The average
distance between markers was 4.4 cM across a length
of 57.7 ¢cM. The mean number of alleles was 4.6.

Nine of the 13 markers studied showed a deficiency of
heterozygotes; however, only four of these nine showed
significant (P < 0.001) departures from HWE propor-
tions. Relatedness between individuals in our sample
and the small effective population size of the worldwide
dairy cattle population could be the cause of the ob-
served deficiency of heterozygotes.

Linkage Disequilibrium Between Syntenic
Marker Loci Using the EM Algorithm

Figure 1 shows a plot of the extent of disequilibrium
(D’) vs genetic map distance measured in cM (genetic
map distance is hereafter referred to as genetic dis-
tance). The average D" was 44%. The most remarkable
observation was that D’ did not seem to vary as a func-
tion of the genetic distance. We fitted a nonlinear equa-
tion of type y = @ + be™™ using nonlinear regression as
implemented by Genstat’s FITCURVE directive (Gens-
tat 5 Committee, 1993), where y is D’ and x is genetic
distance in cM. Note that y tends to a when x tends to
infinity and y tends to ¢ + b6 when x tends to zero. Only
a was (P < 0.0001) different from zero. The estimated
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Figure 1. Relationship between genetic distance (cM)
and level of linkage disequilibrium (D’). The plotted line
represents the fitted line. Crosses and diamonds represent
comparisons between pairs of loci on chromosome 2 and
chromosome 6, respectively.

parameter values are 0.42 + 0.06 for a, 0.11 + 0.18 for
b, and 0.76 + 0.59 for e . The fit of y=a and y = a +
be™ was compared using a likelihood ratio test. The
fit of the two curves was not significantly different.
The level of association (-log;o[P]) showed a clearer
correlation with distance (Figure 2) but still highly vari-
able, especially for the smallest distances. All P < 0.01
(log1o[P] > 2 in Figure 2) correspond to genetic dis-
tances smaller than 10.3 cM. Only two pairs of markers
were in significant linkage disequilibrium after ac-
counting for multiple testing. These were BM1236-
BMS8124 (P = 0.0007; intermarker distance = 10.3 ¢cM)
and BMS511-AFR227 (P = 0.0007; intermarker dis-
tance = 0.6 ¢cM) on chromosome 6. Before correcting for
multiple testing, there was a total of eight pairs in
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Figure 2. Relationship between level of significance
(-logio [P]) and genetic distance (cM) for syntenic loci
pairs. Crosses and diamonds represent comparisons be-
tween pairs of loci on chromosome 2 and chromosome
6, respectively.
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Figure 3. Relationship between level of significance
(-logio [P]) and level of linkage disequilibrium (D’) for
syntenic loci pairs. Crosses and diamonds represent com-
parisons between pairs of loci on chromosome 2 and
chromosome 6, respectively.

significant association at the 5% level. Three of these
pairs were on chromosome 2 and five on chromosome 6.

Although we observed a high average level of disequi-
librium, only two pairs of loci showed a significant asso-
ciation. To test whether the mean level of disequilib-
rium observed was significant, we calculated: 1) the
sum of the 36 statistics (6 x 7/2 and 5 x 6/2 from chromo-
some 6 and 2, respectively; (X? = 646) and 2) the sum
of the 36 associated degrees of freedom (df = 456). This
overall test for average level of LD across all pairs of
syntenic loci was highly significant (P[x%ss6 4r> (X2 =
646] << 1077, indicating that the mean level of disequi-
librium was different from zero and that we lacked
power when testing individual pairs.

Figure 3 shows a plot of —log;o(P) for each pair of
marker loci as a function of D’. Significant LD tended
to increase with D’, although it was very variable. This
variance seemed to depend on the value of D’. Pairs of
loci with larger values of D’ showed more variable levels
of significance.

Linkage Disequilibrium Between Syntenic
Marker Loci Using the Bayesian Algorithm

Figures 4 and 5 show the comparison in the estimates
of D’ for chromosome 2 and 6, respectively, using the
maximum likelihood and Bayesian approach to esti-
mate haplotype frequencies. Maximum-likelihood esti-
mates are plotted as single points, and Bayesian es-
timates are plotted as the mean of D’ obtained from
10 independent estimates of the haplotype frequencies
with lines indicating two standard deviations. Since
we have only one estimate of D’ when using the EM
algorithm, formal comparisons between both estimates
cannot be performed. However, qualitative compari-
sons can be done and the general picture is the same
regardless of the estimation method used.
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Figure 4. Comparison of the estimates of D" obtained
when using population haplotype frequencies estimated
by the maximum-likelihood (crosses) and Bayesian ap-
proaches (circles) for chromosome 2. Each circle is the
mean of 10 runs of the program PHASE and the lines are
+2SD.

Another important observation is that the variance
of D’ is highly variable for chromosome 2, but not for
chromosome 6 (note that some of the estimates have
variance equal to zero). This probably reflects more
missing values for chromosome 2 than for chromosome
6 (Tables 1 and 2).

Results using a stepwise mutation model (results not
shown) were not significantly different from those from
the parent-independent mutation model. This suggests
that the algorithm is relatively insensitive to the under-
lying assumptions about the mutation model.
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Figure 5. Comparison of the estimates of D’ obtained
when using population haplotype frequencies estimated
by the maximum-likelihood (diamonds) and Bayesian ap-
proaches (circles) for chromosome 6. Each circle is the
mean of 10 runs of the program PHASE and the lines are
+2SD.
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Figure 6. Distribution of D’ values observed between
pairs of nonsyntenic loci.

Linkage Disequilibrium Between Nonsyntenic Marker
Loci Using the Expectation-Maximization Algorithm

Figure 6 shows the distribution of D’ values observed
between pairs of nonsyntenic loci. We estimated the
mean level of LD between nonsyntenic loci, measured as
D’, to be 39%. None of the loci pairs showed significant
association between alleles. Indeed, the most signifi-
cant association was for the pair BM2113-BM1236 (P
=0.03; D’ =0.53). The sum of the 42 statistics obtained
between nonsyntenic loci was 548, and the sum of the
42 associated df was 539. The overall level of association
between pairs of nonsyntenic loci was not significant
(P[x%539 ar = (X? = 548] = 0.39). In addition to this overall
test, we performed a Fisher’s combined probability test
(Fisher, 1970) for syntenic and nonsyntenic groups that
gave similar results (results not shown). Overall, aver-
age levels of LD were fairly similar between syntenic
and nonsyntenic loci; however, association could be sta-
tistically detected between syntenic loci, but not be-
tween nonsyntenic loci, even when the D’ values
were similar.

Discussion

Our results show that LD mapping methods could be
successfully applied to future U.K. dairy cattle popula-
tions with the available density of microsatellite mark-
ers. Significant linkage disequilibrium was found only
for genetic distances smaller than about 10 cM, and
significant association was never found between non-
syntenic loci. This would have important implications
for LD mapping. Firstly, the mapping resolution achiev-
able with this level of disequilibrium would be finer
than with traditional QTL-mapping methods. Secondly,
if the lack of significant association found here between
loci on chromosomes 2 and 6 was the same across the
whole genome, then the number of false positives due
to allelic associations between unlinked loci would be
small when applying LD methods to map trait loci.
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Some aspects of our results differ from those reported
by Farnir et al. (2000). First, they found extensive sig-
nificant LD between both syntenic and nonsyntenic loci.
Second, they found average D’ values in the same range
as ours only for genetic distances <5 cM. Third, they
found that only those D’ values for the more distant
syntenic markers were similar to those between non-
syntenic markers. These differences might arise be-
cause of two reasons. First, our sample is more related
than theirs, and therefore showed larger identical by
descent regions. They used two different samples for
estimating the extent of LD. One sample was composed
of bull-dams and the other of cows selected from the
general population. Although their first data set might
have a level of relatedness as high as that in our data,
it is unlikely that cows in their second data set were
as related as our bulls. Relatedness between individu-
als can cause an increase in the level of LD, even be-
tween unlinked loci, because larger portions of the ge-
nome are identical between related individuals. Second,
the sample size of both studies is very different and a
comparison might be difficult and even inappropriate.
The expectation of D’ under equilibrium is zero; how-
ever, its sampling variance depends on the sample size
from which it is estimated: The larger the sample size,
the smaller the sampling variance. If the sampling vari-
ance is large, then it is more likely that, just by chance,
the estimated value for D’ differs from zero. Weir and
Hill (1980) derived the variance of R, the correlation
of gene frequencies, for biallelic loci. Their arguments
about the two sampling processes involved in estimat-
ing LD can be extended to a different measure of dis-
equilibrium, say D’. For closely linked loci, the variance
of R is approximately 1/(1 + 4N,c) + 1/n, where N, is the
effective population size, ¢ is the recombination fraction
between the two loci, and n is the sample size. The
variance of R is due to two different sampling processes,
one that reflects the finite size of the population (1//1
+4N,c]) and another that reflects that a limited sample
of the population (1/n) has been drawn (from which
disequilibrium and allele frequencies have been esti-
mated). It is worth noting that n is either a sample of
n identified chromosomes or n unphased individuals
from which disequilibrium and allele frequencies have
been estimated. Additionally, for D’, the difference from
its expected value under equilibrium is aggravated by
the fact that D’ uses the absolute value of D’,,,,. Even
small deviations from equilibrium between pairs of al-
leles accumulate, leading to an upwards bias in the
estimate of D’".

We believe that lack of statistical power, especially
after correcting for multiple testing, and an upwards
bias (due to the small sample size) in the estimate of
D’ is the reason why the larger D’ values observed did
not correspond to more significant allelic associations.
We assumed that all the tests performed were indepen-
dent; however, tests between loci on the same chromo-
some are correlated, especially if the distance between
loci is not large as in our data. The significance thresh-

olds we applied after correction are, therefore, very con-
servative as the number of independent tests actually
performed was smaller than assumed.

It is unlikely that the departures from HWE expecta-
tions we observed led to an important degree of bias in
the estimates of haplotype frequencies. The only prob-
lem when estimating haplotype frequencies from geno-
types comes from individuals that are heterozygous at
the loci considered. In this situation, haplotype frequen-
cies cannot be directly counted because it is not possible
to distinguish between the two different diplotypes (i.e.,
an individual with the two-loci genotype AaBb could
have diplotype Ab/aB or AB/ab). In this case, the EM
algorithm iteratively estimates the frequencies of the
different haplotypes until the likelihood of the data is
maximized and, therefore, maximum likelihood haplo-
type frequencies are obtained. When there is an excess
of homozygotes, the number of doubly heterozygous in-
dividuals to be resolved is smaller. Consequently, there
is little or no bias in the haplotype frequency estimates
caused by deviations from HWE due to an excess in
homozygosity (Osier et al., 1999; Fallin and Schork,
2000).

Six- and seven-loci maximum likelihood haplotype
frequencies for chromosome 2 and 6, respectively, could
not be obtained. This was because the algorithm failed
to reach a global maximum. After each step of the EM
algorithm, the likelihood of the data increases (Demps-
ter et al., 1977); however, if the likelihood surface is
concave or very flat, then there is no guarantee that
a global maximum is reached. Generally, there is no
obvious way of knowing whether the estimated maxi-
mum is just a local or a global maximum. In order to be
sure that a global maximum is reached, the algorithm is
usually started several times from different starting
points, and the solution with the maximum likelihood
is assumed to be the global maximum. In our case,
although the likelihood of the data was the same for
different runs, we obtained different haplotype frequen-
ciesin each of the runs. This suggests that the likelihood
surface was very flat due to the insufficient amount of
data or dependencies between the data, and that the
iterative process stopped before reaching the global
maximum.

Differences observed between the maximum likeli-
hood and Bayesian approaches were small and the gen-
eral conclusions obtained from both estimation proce-
dures were essentially the same. Differences observed
between both approaches are slightly larger for chromo-
some 2, which has more missing values, than for chro-
mosome 6. This might suggest that the amount of data
for some loci on chromosome 2 is too small and this is
reflected in the slightly larger discrepancies between
both approaches. An advantage of the Bayesian ap-
proach is that it provides estimates of the uncertainty
associated with each phase, at the cost of a much larger
computing time. An advantage of the maximum likeli-
hood over the Bayesian approach is that implementa-
tion of the testing procedure is straightforward in the
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maximum likelihood framework. Therefore, the deci-
sion about the most appropriate method would depend
on the intended use of the haplotype frequencies. For
example, if one just wanted to test for the presence
of LD, then the maximum likelihood approach seems
adequate and straightforward, but if one wanted to
compare haplotype frequencies in a cases/control design
then an estimate of the uncertainty of each phase would
be necessary.

The fact that the disequilibrium parameter (D) did
not depend on distance (cM) but P did depend on dis-
tance (Figures 1 and 2), and that similar values of D’
were observed between syntenic and nonsyntenic loci
(but significance level was different), suggests that the
utility of D’ to assess the amount of disequilibrium is
limited. This is important if assessment of disequilib-
rium is done as a preliminary study to determine, for
example, the marker density required for a mapping
study. In this case, the correlation between P and dis-
tance will give a clearer “picture” of the marker den-
sity required.

The region of chromosome 6 where we detected the
most significant LD has been reported to harbor QTL
influencing milk, fat, and protein yield in the U.K. dairy
population (Wiener et al., 2000) and other populations,
such as the Israeli Holstein population (Ron et al.,
2001). This suggests that selection for milk production
traits could have generated LD in this region, which
was detectable even with the large amount of back-
ground LD observed.

Implications

Fine mapping of trait loci in outbred populations re-
lies on population-based samples for which linkage dis-
equilibrium between trait and marker loci is expected
to occur at smaller distances than in family-based sam-
ples. The amount of linkage disequilibrium between
marker loci in a population provides information about
the marker density required to perform the mapping
study. In livestock populations, this type of study has
always been done using family information to infer
phase; however, this procedure requires typing addi-
tional family members. Even if possible, typing extra
members might be an inefficient use of resources, espe-
cially when statistical methods such as those described
in this study are known to perform reasonably well.
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